The insect chemoreceptor superfamily consists of 2 gene families, the highly diverse gustatory receptors (GRs) found in all arthropods with sequenced genomes and the odorant receptors that evolved from a GR lineage and have been found only in insects to date. Here, I describe relatives of the insect chemoreceptor superfamily, specifically the basal GR family, in diverse other animals, showing that the superfamily dates back at least to early animal evolution. GR-Like (GRL) genes are present in the genomes of the placozoan Trichoplax adhaerens, an anemone Nematostella vectensis, a coral Acropora digitifera, a polychaete Capitella teleta, a leech Helobdella robusta, the nematode Caenorhabditis elegans (and many other nematodes), 3 molluscs (a limpet Lottia gigantea, an oyster Crassostrea gigas, and the sea hare Aplysia californica), the sea urchin Strongylocentrotus purpuratus, and the sea acorn Saccoglossus kowalevskii. While some of these animals contain multiple divergent GRL lineages, GRLs have been lost entirely from other animal lineages such as vertebrates. GRLs are absent from the ctenophore Mnemiopsis leidyi, the demosponge Amphimedon queenslandica, and 2 available chaonoflagellate genomes, so it remains unclear whether this superfamily originated before or during animal evolution.
Introduction
The major families of chemoreceptors in vertebrates belong to the ancient superfamily of G-protein coupled receptors (GPCRs), as do those of nematodes (Thomas and Robertson 2008; Nordström et al. 2011) . In contrast, the odorant and gustatory receptor (GR) families of insects are not obviously GPCRs despite having a similar 7 transmembrane domain structure, because they share no discernable sequence similarity with GPCRs (e.g., Nordström et al. 2011) , their membrane topology is opposite to that of GPCRs with their N-termini inside cells (e.g., Benton et al. 2006; Smart et al. 2008; Zhang et al. 2011; Hull et al. 2012; Hopf et al. 2015) , and their mechanism of action appears to be that of iongated channels (e.g., Sato et al. 2008 , Mukunda et al. 2014 Hopf et al. 2015) . These 2 families were joined in the insect chemoreceptor superfamily, with the odorant receptor (OR) family clearly being a relatively recent expansion of a single lineage within the older and more diverse GR family (Robertson et al. 2003; Missbach et al. 2014 ). More recently a second major family of proteins has been shown to be involved in both smell and taste in insects, a divergent and expanded lineage of variant ionotropic glutamate receptors now known as the ionotropic receptors or IRs (Rytz et al. 2013; Koh et al. 2014) . Ionotropic glutamate receptors are ancient in animals and beyond, so this family of chemoreceptors might be widespread in animals. Publication of several genomes of animals from phyla other than the chordates, nematodes, and arthropods has allowed searching for the evolutionary roots of the insect chemoreceptor superfamily and here I show that they are ancient in animals, but are absent from several major lineages, including the vertebrates.
Material and methods
Searches for relatives of the insect chemoreceptor superfamily focused on the genomes shown in Table 1 . Initial searches involved BLASTP and PSI-BLASTP searches of the conceptual proteins from the automated annotations of these genomes. Subsequently each genome was extensively searched using TBLASTN searches with the initially discovered proteins as queries. Gene models were manually built and refined in the text editor TEXTWRANGLER. Several incomplete gene models were repaired using raw reads. Proteins were aligned in CLUSTALX v2.0 (Larkin et al. 2007 ) using default settings, which accurately aligns the 7 transmembrane domains. The variably aligning and gapped intra-and extra-cellular loops, as well as the variable length N-and C-termini, were removed from the alignment using TRIMAL v4.1 (Capella-Gutiérrez et al. 2009) , with positions retained only if present in 80% of the sequences. The resultant alignment of 116 proteins has 337 positions, which is most of the 400-450 amino acids in these proteins. A maximum likelihood phylogenetic analysis was carried out using PHYML v3.0 (Guindon et al. 2010 ) with default settings, and branch support was also evaluated by 1000 bootstrap replications. The tree was rooted with the cnidarian GRLs. Representatives of the carbon dioxide, sugar, fructose, bitter, pheromone, and light/heat GRs of insects were included to evaluate their monophyly, and show their evolution compared with the GRLs. The tree figure was prepared in FIGTREE v1.4 (http://tree.bio.ed.ac.uk/software/figtree/).
Results and discussion
In 2000, I noticed 5 potential relatives of the GR family, then recently described from the fruit fly Drosophila melanogaster (Clyne et al. 2000) , in the genome of the nematode Caenorhabditis elegans using PSI-BLASTP searches of the nonredundant protein database at NCBI (Altschul et al. 1997 ). These were communicated to WormBase and named GUR-1-5, for gustatory-related receptors (GURs), in 2002.
GUR-1 has subsequently been shown to be involved in egg-laying and renamed EGL-47 for its mutant phenotype (Moresco and Koelle 2004) , while GUR-2 has been implicated in photoreception and renamed LITE-1 (Liu et al. 2010) . Related GURs are idiosyncratically present, and sometimes duplicated, in many of the additional available nematode genomes from diverse genera, for example, at Nematode.net (Martin et al. 2015) , but only the EGL-47 ortholog from Ascaris suum is included here to break up an otherwise long branch to CeleEGL-47.
I have subsequently identified relatives of the GR family in the genome and transcriptome sequences of the placozoan Trichoplax adhaerens (Srivastava et al. 2008) , the anemone Nematostella vectensis (Putnam et al. 2007 ), the coral Acropora digitifera (Shinzato et al. 2011) , the polychaete Capitella capitata (Simakov et al. 2013) , the leech Helobdella robusta (Simakov et al. 2013) , the limpet Lottia gigantea (Simakov et al. 2013) , the sea hare Aplysia californica (Moroz et al. 2006) , the oyster Crassostrea gigas (Zhang et al. 2012) , the sea urchin Strongylocentrotus purpuratus (Sea Urchin Genome Sequencing Consortium 2006), and the sea acorn Saccoglossus kowalevskii (Freeman et al. 2002) (Table 1) . None of these were noted in the respective genome project publications. Details of the genes and encoded proteins in each species are provided in the Supplementary Text. In coordination with the laboratory of Benton R (personal communication), who made similar observations (Saina et al. 2015) , they are named GR-Like or GRL genes.
There are 4 lines of evidence showing that these GRL genes and their encoded proteins are related to the insect chemoreceptor superfamily, and specifically the GR family. First, most have significant best matches to diverse arthropod GRs when searched against the nonredundant protein database at NCBI when it is restricted to arthropod proteins (Supplementary Table 1 ). They all have highly significant and nearly full-length matches to various arthropod GRs when searched against the entire nonredundant protein database at NCBI on the second iteration of PSI-BLASTP searches (first iteration searches yield best matches to other annotated GRLs in NCBI). Furthermore, in the conserved domain search most recover the "7tm_7 superfamily", which is the GR family in arthropods (Supplementary Table 1) .
Second, most are predicted to have 7 transmembrane domains when examined with 2 transmembrane domain prediction programs (TMHMM- Krogh et al. 2001 and TMpred-Hofmann and Stoffel 1993) (Supplementary Table 1) , and when they are predicted to have 7 transmembrane domains the N-terminus is almost always predicted to be internal, as it is for the insect chemoreceptors (data not shown). Like the arthropod members of the superfamily (e.g., Benton et al. 2006; Smart et al. 2008; Zhang et al. 2011; Hull et al. 2012) , these TM domains are not as well defined as those of GPCRs and most other transmembrane proteins, so sometimes TM prediction programs do not recognize them all or over-predict them. In particular, a short hydrophobic region near the N-terminus is sometimes predicted as a TM domain, however, it has recently been modeled as a short alpha helix located entirely within the cell membrane, at least in the insect ORs (Hopf et al. 2015) . The 7 TM domains are usually obvious as hydrophobic regions in Kyte-Doolittle hydropathy plots (data not shown), and when the proteins are aligned with each other and representative arthropod GRs, the 7 TM domains are strongly evident as stretches of ~20 mostly hydrophobic amino acids (Supplementary Figure 1) . Third, they contain the signature conserved amino acid domain of the GR family, the TYhhhhhQF motif in TM7 (where h indicates a hydrophobic amino acid), although as also occurs in the GRs of arthropods, sometimes 1 or even 2 of these 4 conserved amino acids has undergone conservative substitution, most commonly the T being S, the Q being E or K, and the F being L or M (Figure 1 ; Supplementary Figure 1) . Fourth, all but one of the GRL genes contain 3 phase 0 introns near the end of the gene in positions compatible with being homologous with those Robertson et al. (2003) inferred were ancestral to the insect chemoreceptor superfamily from examination of the D. melanogaster representatives (Supplementary Table 1 ). In particular, the last of these 3 phase 0 introns is always 6 codons before those encoding the TYhhhhhQF motif (Figure 1) . Therefore, these genes and their encoded proteins are clearly related to the insect chemoreceptor superfamily and specifically the basal GR family that contains highly divergent protein lineages. Phylogenetic analysis of these GRLs, along with representative nematode GURs and insect GRs, using maximum likelihood generated the tree in Figure 2 . The tree shows that the Nematostella and Trichoplax GRLs are single gene lineages with relatively recent gene duplications yielding 4 genes in the former and 3 in the latter. Six of the seven Acropora GRLs result from gene duplication of 1 GRL lineage, whereas AdigGRL1 is a separate gene lineage. The polychaete Capitella GRLs form 4 quite distinct lineages in the tree, whereas only one GRL lineage is present in the leech H. robusta. The mollusc GRLs also consist of multiple lineages, and some of these have reasonably close relationships with the annelid GRLs, presumably reflecting their shared history in the superphylum Lophotrochozoa. The nematode Caenorhabditis GURs consist of 3 distinct lineages (GUR1/EGL47; GUR2/LITE-1 and GUR3; GUR4 and 5), and have the closest relationship with the arthropod GRs, presumably reflecting their relationship in the superphylum Ecdysozoa. The Saccoglossus GRLs are a single lineage, but with ancient duplications, as well as 2 recent ones within it, yielding the 5 extant genes. The 3 Strongylocentrotus GRL genes, however, form 2 lineages. SpurGRL1 is a divergent lineage, whereas the remaining 2 genes are a separate lineage, with more recent duplications of the long first exon for one of them (SpurGRL3) yielding a complex alternatively spliced locus, an architecture common in the insect GRs first noted in D. melanogaster (Clyne et al. 2000; Robertson et al. 2003) . These deuterostome GRLs were apparently lost from the basal chordates, represented by the lancelet Branchiostoma floridae ) and 3 tunicates, Oikopleura dioica (Seo et al. 2001) , Ciona intestinalis (Dehal et al. 2002; Satou et al. 2008) , and Botryllus schlosseri (Voskoboynik et al. 2013) . Furthermore, GRLs are not found in any of the many vertebrate genomes now available, including the basal lamprey Petromyzon marinus . Thus, some animals have multiple GRL lineages, with some species retaining only one lineage and some groups like the vertebrates having lost all GRL lineages.
With the exception of the GRLs from the ecdysozoans and some GRLs from the lophotrochozoans, the relationships of the GRLs in the tree do not reflect accepted animal relationships. Indeed, there is relatively low support for most of the backbone of the tree. In part, this presumably results from the relatively short length of these proteins and the fact that they are not among the most conserved of proteins, providing relatively few phylogenetically informative characters. Nevertheless, it might also reflect the nature of gene family evolution where multiple divergent GRL lineages sometimes persist but often are lost from different animal lineages. It is noteworthy, however, that with this large set of newly available GRLs from multiple animal lineages effectively serving as an outgroup, the multiple highly divergent insect GRs with roles as diverse as detection of carbon dioxide, sugars, bitter ligands, cuticular hydrocarbon pheromones, and even light and heat, nevertheless form a reasonably convincing monophyletic lineage, suggesting that they diversified to these roles within the arthropods. This also means that the known functions of insect GRs cannot inform the roles of the GRLs. It is also noteworthy that the rate of molecular evolution of the insect GRs and the nematode GURs is considerably higher than those of the GRLs in other animals.
Several more potentially informative basal animal and related protist genomes have been sequenced that suggest the loss of these GRL lineages from multiple animal phyla, but fail to inform the origins of the superfamily. Specifically, the demosponge Amphimedon queenslandica (Srivastava et al. 2010) , the ctenophore Mnemiopsis leidyi (Ryan et al. 2013) , the hydra Hydra magnipapillata , and the flatworm Schmidtea mediterranea (Robb et al. 2015) do not have obvious GRLs. Searches of several additional available flatworm genomes both at NCBI and at Trematode.net (Martin et al. 2015) , also did not reveal any candidate GRLs, at least amongst the annotated proteins. The debate about basal animal phylogeny has been intensified, but not yet conclusively resolved, by the availability of these usually single genomes per phylum, so it is not yet possible to conclude whether GRLs evolved only within animals. Examination of the 2 closest protist relatives whose genome sequences are available, the choanoflagellates Monosiga brevicollis (King et al. 2008) and Salpingoeca rosetta (Fairclough et al. 2013 ) also does not reveal obvious GRLs, so the origin of the superfamily remains obscure.
The functional roles of GRLs in basal animals are also unclear. The fact that at least 2 of the GURs in C. elegans function in egg-laying and photoreception suggests that they may have diverse sensory and other roles. Similarly, NvecGRL1 in Nematostella and SpurGRL1 in Strongylocentrotus play roles in early development, without any obvious chemosensory role (Saina et al. 2015) . Nevertheless, it seems likely that at least some of them are chemoreceptors. Although expansions of the superfamily are most dramatic in arthropods, the GRL family has been considerably expanded in the molluscs, with an especially recent expansion in Aplysia replete with tandem copies in a single scaffold, alternative splicing, and pseudogenes, features regularly seen in the insect chemoreceptors (e.g., Sánchez-Gracia et al. 2009; Almeida et al. 2014) , as well as other ecologically relevant gene families (e.g., Thomas 2007; Duvaux et al. 2015) , so they likely do function as chemoreceptors. Nevertheless these GRLs would be a minor contribution to the chemosensory abilities of molluscs, as the major chemoreceptors in Aplysia are apparently GPCRs (Cummins et al. 2009 ). GRLs might serve important chemoreceptor roles in diverse animals, and the peak of their contribution is as the gene lineage leading to the insect chemoreceptor superfamily. 
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